Background and objectives Podocalyxin (PCX) is present on the apical cell membrane of podocytes and is shed in urine from injured podocytes. Urinary podocalyxin (u-PCX) is associated with severity of active glomerular injury in patients with glomerular diseases. This study examined the relationship between number of urinary podocytes, levels of u-PCX, and glomerular injury in adults with IgA nephropathy (IgAN).
Introduction
Glomerular podocytes, highly specialized epithelial cells, together with the glomerular basement membrane (GBM), play an important role in glomerular filtration (1). They form the final barrier to protein loss, which explains why podocyte injury is typically associated with marked proteinuria (2, 3) . Podocyte injury is accompanied by characteristic changes, including foot process effacement, cell body attenuation, pseudocyst formation, and detachment from the GBM (1). The ultimate podocyte lesion is detachment from the GBM, eventually followed by loss of the entire cell into the Bowman space (1) . Denuded GBM, which results from detachment of podocytes, leads to the formation of a tuft adhesion to the Bowman capsule, the first lesion in the progression to glomerulosclerosis (1). Hara et al. suggested that prolonged or significant podocyte loss into urine during GN may play a causative role in the development of glomerulosclerosis (4) . It has also been reported that urinary podocytes are associated with the severity of active glomerular injury in children with glomerular diseases (4) (5) (6) .
Podocalyxin (PCX), a sialomucin most closely related to CD34 and endoglycan, is expressed by podocytes, hematopoietic progenitors, vascular endothelia, and a subset of neurons (7) . The function of PCX is to maintain podocyte shape and distortion of the slit diaphragm (7) . PCX is usually located on the apical cell membrane of podocytes and is shed into urine from injured podocytes (8) . Human urinary PCX (u-PCX) originates not from podocyte exosomes but from tip vesiculation of glomerular podocyte microvilli (9) . Habara et al. also showed that levels of u-PCX were significantly increased in patients with active GN compared with patients who have chronic GN in long-term remission (10) .
IgAN is one of the most common types of primary GN in children and adults worldwide. It is characterized by mesangial deposition of IgA associated with mesangial cell proliferation and mesangial matrix expansion. In addition to these common histologic abnormalities, other glomerular abnormalities, such as segmental sclerosis, crescent formation, and adhesion to the Bowman capsules, are detected. Podocyte loss from the GBM in IgAN may cause or contribute to the progression of proteinuria, glomerulosclerosis, and filtration failure (11) (12) (13) (14) .
To more easily speculate about the current histologic findings in adult patients suspected of having IgAN, it is very important to find new noninvasive biomarkers. It is not known whether u-PCX and urinary podocytes are associated with histologic findings in adults with IgAN. In this study, we focused on u-PCX and urinary podocytes in adult patients with IgAN to understand the relationship between these urinary biomarkers and histologic findings.
Materials and Methods

Patients and Histologic Evaluation
From October 2007 to October 2011, urine samples voided on the morning of the day biopsy were obtained from 51 patients with IgAN. The clinical profile of patients with IgAN is shown in Table 1 . Renal biopsies were performed on 49 patients in Juntendo University Hospital, Tokyo, Japan. The pathologic characteristics of the other two samples were also investigated at Juntendo University Hospital. Patients who were administrated angiotensinconverting enzyme inhibitors, angiotensin-receptor blockers, and corticosteroid treatment and who underwent tonsillectomy were excluded from this study.
Shigematsu classification and the Oxford classification were used to evaluate histologic findings of each case (15) (16) (17) . To evaluate histologic findings in renal biopsy specimens of patients with IgAN, the sections were stained by three stains: hematoxylin-eosin, periodic acid-Schiff, and periodic acid methenamine silver-Masson trichrome (PAM-MT). The histologic evaluation of glomeruli for activity and chronicity was performed according to the method proposed by Shigematsu (15) : extracapillary abnormality (acute and chronic) and endocapillary abnormality (acute and chronic). The extent of the active lesion was categorized into one of four grades (0, 1, 2, and 3), and extent of chronic lesion into four stages (0, 1, 2, and 3).
Active lesions were commonly expressed segmentally; therefore, grade 1 indicated one segmental lesion, grade 2 indicated two segmental lesions, and grade 3 indicated three or more lesions in one glomerulus. Chronic lesions were categorized by the extent of PAM-positive collagenous matrix; therefore, stage 1 represented #30% in one glomerulus, stage 2 represented .31% to ,59% in one glomerulus, and stage 3 represented $60% in one glomerulus. Regarding the glomerular lesions, this evaluation was applied to all the glomeruli in the biopsy specimens, and the average of the scores was taken. These semiquantitative evaluations were processed in statistical analyses. The minimal number of glomeruli evaluated per section was 10 according to Shigematsu classification.
The minimal number of glomeruli evaluated per section was eight according to the Oxford classification (16,17). We divided tubular atrophy and interstitial fibrosis, which ranged from 0% to 25% in the original score, into groups of 0%-4% and 5%-25% to analyze the interstitial changes in detail.
Moreover, patients were divided into four prognosis groups according to the Clinical Guidelines of IgAN in Japan (18); (1) good prognosis, (2) relatively good prognosis, (3) relatively poor prognosis, and (4) poor prognosis. In this study, we divided the patients into two groups as follows: group A (combined good and relatively good prognosis groups) and group B (combined relatively poor and poor prognosis groups).
Histologic findings of each slide were evaluated by two nephrologists who did not know the details of patients' clinical data, including levels of u-PCX and the number of urinary podocytes.
This study was conducted according to the Declaration of Helsinki and was approved by Institutional Review Board of Juntendo University Hospital. Informed consent was obtained from all patients or from parents in the case of children younger than age 19 years.
Urine Sample Collection
Urine samples were collected in sterile plastic tubes and mixed with a protease inhibitor mixture (final concentration of 0.1% [w/v] NaN 3 , 3.3 mg/ml pepstatin A, 5 mg/ml aprotinin, 5 mg/ml leupeptin, and 5 mM benzamidine). The samples were frozen at 280°C and thawed once before analysis.
Preparation of PCX-Intra
A detailed procedure for construction of human PCX has been described elsewhere (19) . A 228-bp cDNA fragment encoding the intracellular region of human PCX (Cys 453-Leu 528; PCX-Intra) was amplified by PCR from human template cDNA using the primers of 59-TTTGGATCCTGCCAC-CAGCGCCTCTCCCAG-39 (forward) and 59-TTTGAATTCT-TAGAGGTGCGTGTCTTCCTC-39 (reverse). The PCR products were subcloned into the pGEX-6P-1 expression vector (GE Healthcare UK Ltd.) at its BamHI/EcoRI site.
Production of mAbs to PCX
cDNA encoding human PCX was obtained from a human kidney cDNA library using RT-PCR by the method of Kershaw et al. (19) . The PC-46, a portion of extracellular, transmembrane, and intracellular domains of PCX (Gln 252-Leu 528), was obtained as glutathione-S-transferase fusion protein to produce mAbs (19) . The epitopes on mAbs were characterized using PCX-Intra. The hybridomas were produced in immunized BALB/C mice as previously described by Tsutsumi et al. (20) , and then selected and subcloned according to the immunofluorescence pattern that was assayed on human renal cortex or ELISA using plates coated with wheat germ agglutinin-binding as reported elsewhere (21) . Among the positive clones, mAb no. 147 and mAb no. 5 were selected and characterized by Western blot and ELISA (8, 21) .
Measurement of Human u-PCX by ELISA
Two clones of antibody (no. 147 and no. 5) that recognize the intracellular peptide region were chosen for sandwich ELISA from protein A-bound fraction of ascitic fluid. No. 147 was fixed on the ELISA plate as a capture antibody and no. 5 was labeled with horseradish peroxidase and used as a tracer antibody. The PCX-Intra was used as a reference control for the calibration curve. The concentration was standardized to the reactivity of native PCX extracted from human glomeruli (8, 22) . A 1:1 mixture of urine and solution A (400 mM N-[tris(hydroxymethyl) methyl]-2-aminoethanesulfonic acid sodium-NaOH, 40 mM EDTA, 0.4% [v/v] Triton X-100, pH 7.0) were applied on the ELISA plate. The intra-and interassay coefficients of variation were 3.5% and 8.4%, respectively. The spiking recovery rate was 91.9%.
Measurement of Other Markers
Serum measures from the patients were determined in the clinical laboratory at Juntendo University Hospital. Levels of serum creatinine were measured using standard enzymatic methods. Levels of urinary protein excretion were measured by the pyrogallol red method using a reagent kit (Protein Assay Rapid Kit, Wako Pure Chemical Industries, Ltd.). Levels of urinary creatinine were measured by an automated machine (7170S; Hitachi) using a reagent kit (CRE-S; Denka Seiken Co., Ltd.). Levels of urinary protein excretion and u-PCX and the number of urinary podocytes were individually normalized to urinary creatinine levels. The following equation was used to calculate estimated glomerular filtration rate as described by Matsuo et al. Quantification of Urinary Podocytes Urinary podocytes were stained by immunofluorescence technique, and the number of urinary podocytes was counted as reported elsewhere (4, 24) .
Western Blot Analysis of u-PCX
Urine samples were filtered through a sieve with a 40-mm pore size and centrifuged at 44,000 rpm for 2 hours. Isolated human glomeruli were obtained as positive control on the basis of a previous report (8) . Detection of protein in human glomerular lysate and urine sediment lysate was analyzed by Western blot according to the procedures described elsewhere (21) .
Immunofluorescence
Immunofluorescence was performed as described elsewhere to detect the expression of PCX in the urine and glomeruli of patients with IgAN (9). To detect urinary podocytes, immunofluorescence was performed and Cytospin preparations were made. Freshly voided urine (10 ml) was centrifuged at 1800 rpm for 5 minutes. The sediments were prepared on poly-L-lysin-coated microscope slides at 1000 rpm for 5 minutes (Cytospin preparations), then air-dried for at least 30 minutes and fixed in acetone at 220°C for 5 minutes. After fixation in cold acetone, the slide glass was processed for the usual immunofluorescence staining. Similarly, frozen sections from renal biopsy specimens were stained by usual immunofluorescence procedure. The primary antibodies were antihuman PCX monoclonal antibody (mouse) (Denka Seiken Co., Ltd, Niigata, Japan) and antipodocin antibody (25) . Nuclei were stained with 49, 6-diamidine-2-phenylindole (DAPI).
Statistical Analyses
Statistical analyses were performed using Graph Pad PRISM software, version 4.0. Comparisons between groups were analyzed by the Mann-Whitney U test and KruskallWallis tests. Differences at P,0.05 were considered significant. Because the three urinary measures and the scores of histologic examinations did not follow the normal distribution, Spearman rank correlation coefficients were used. The confidence intervals (CIs) were calculated using bootstrapping (26, 27) , a statistical method based on resampling that can be used to perform statistical inference, by SAS/ BASIC, version 9 (SAS Institute, Cary, NC).
Results
Urinary PCX and Urinary Podocytes Detected in Patients with IgAN
Urine samples were analyzed by Western blot to detect u-PCX in two randomly chosen patients with IgAN ( Figure 1A) . The 160-to 170-kD band in human glomerular lysate was used as a positive control. Positive bands on 160 to 170 kD were detected in urine samples from patients with IgAN (patients 1 and 2).
PCX-positive granular structures were frequently observed in the urine of several patients with IgAN who were randomly chosen ( Figure 1B) . Immunofluorescence of the urinary podocytes was performed in a patient with IgAN by double-staining for DAPI and PCX. The PCX-positive granular structures were located in the casts and sporadically around the casts. Some of the nucleated cells in the urinary sediments showed positive PCX staining ( Figure 1C) .
PCX was expressed in glomeruli of patients with IgAN (Supplemental Figure 1) . PCX was co-localized with podocin, which is a podocyte marker (Supplemental Figure 2) .
Correlation between Urinary PCX, Number of Urinary Podocytes, and Levels of Urinary Protein Excretion
Levels of u-PCX did not correlate with levels of urinary protein excretion (Figure 2A ). In addition, levels of u-PCX did not correlate with the number of urinary podocytes ( Figure 2B ). There was low correlation between the number of urinary podocytes and levels of urinary protein excretion (r=0.44; P=0.001) ( Figure 2C ).
Histologic Evaluation
Urinary PCX Correlated with Acute Extracapillary Abnormalities (Shigematsu Classification). We enrolled 35 patients to determine acute extracapillary abnormalities according to Shigematsu classification (15) . The representative histologic findings of acute extracapillary abnormalities were analyzed by periodic acid-Schiff and PAM-MT stain (Figure 3, A-H) . In grade 0, no acute extracapillary abnormality was observed ( Figure 3, A and E) . In grade 1, a small cellular crescent formation was observed ( Figure  3 , B and F). In grade 2, exudates that had escaped into the urinary space and a cellular crescent were observed (Figure 3, C and G) . In grade 3, three cellular crescents were observed (Figure 3, D and H) .
The relationships between levels of u-PCX, levels of urinary protein excretion, number of urinary podocytes, and pathologic score was analyzed using Shigematsu classification (15) . Levels of u-PCX correlated positively with severity of acute extracapillary abnormalities (r=0.72; P,0.001) ( Figure 3I ). When the cutoff value for levels of u-PCX was defined as 110 mg/g creatinine and the cutoff value for the score of acute extracapillary abnormalities was defined as 1.0, the sensitivity and specificity were 0.77 and 0.96, respectively. Because the number of patients is not large, we tried to use the Efron bootstrap methods to prove the correlation between levels of u-PCX and the acute extracapillary abnormalities (26, 27) . The bootstrapping 95% CIs for the correlation between u-PCX and severity of acute extracapillary abnormalities are 0.50-0.85. Conversely, levels of urinary protein excretion did not correlate with severity of acute extracapillary abnormalities (Table 2 ). There was low correlation between levels of urinary protein excretion and chronic glomerular abnormalities (Figure 3, J and K) . Other relationships between urinary markers and Shigematsu classification are shown in Table 2 . Figure 4B ). When the cutoff value for levels of urinary protein excretion was defined as 0.3 g/g creatinine, the sensitivity and specificity were 0.70 and 0.68, respectively. When the cutoff value for There was a positive correlation between the severity of acute extracapillary abnormalities and levels of urinary podocalyxin. There were low correlations between the severity of chronic glomerular abnormalities and levels of urinary protein excretion.
Levels of Urinary Protein Excretion and Number of
number of podocytes was defined as 1.0 per mg creatinine, the sensitivity and specificity were 0.52 and 0.90, respectively. However, there was no difference between levels of u-PCX in IgAN patients with and those without segmental sclerosis (P=0.65) ( Figure 4C) . The relationship between the severity of mesangial hypercellularity and each urinary biomarkers is as follows: levels of urinary protein excretion, r=0.14 (95% CI, 20.18 to 0.43; P=0.38), levels of u-PCX, r=0.03 (95% CI, 20.29 to 0.34; P=0.38), and number of urinary podocytes, r=20.12 (95% CI, 20.42 to 0.20; P=0.44). Levels of urinary protein excretion in patients with 5%-25% tubular atrophy/interstitial fibrosis were higher than those in patients with 0%-4% (0.39 [IQR, 0.17-0.59] g/g creatinine versus 0.18 [IQR, 0.12-0.37] g/g creatinine; P=0.04). There was no difference between levels of u-PCX, number of urinary podocytes, and severity of tubular atrophy/interstitial fibrosis (P.0.05 for all comparisons).
Clinical Guidelines of IgAN in Japan
The clinical profile of 51 patients with IgAN categorized by Clinical Guidelines of IgAN in Japan is shown in Table 3 . There was no significant difference in levels of u-PCX or the number of urinary podocytes between group A and group B (Table 3) . Levels of urinary protein excretion in group B were significantly higher than those in group A (P,0.001) ( Table 3 ). Some poor-prognosis patients had lower levels of urinary protein excretion and higher levels of u-PCX ( Figure 5 ).
Discussion
PCX is excreted in the urine because of shedding of tip vesiculation from podocyte microvilli, not because of passive cellular destruction during or after detachment of podocytes from GBM (8,9). Achenbach et al. reported that PCX was detected on the Bowman capsule and was produced by the parietal epithelial surface (28) . Conversely, we found that PCX was detected in the glomerulus, and only a little on the Bowman capsule, in patients with IgAN. Two possible reasons may explain difference between those earlier results and ours. The first reason is the difference in type of kidney diseases. Achenbach et al. enrolled patients with focal segmental glomerulosclerosis, membranous nephropathy, and membranoproliferative GN. In contrast, we enrolled patients with IgAN. The second reason is the difference in the antibody used against PCX for immunostaining.
Kanno et al. measured levels of u-PCX in children with glomerular diseases such as IgAN and concluded that u-PCX was a useful biomarker for estimating the severity of active glomerular injury and urinary index of acute extracapillary abnormalities in children (21) . Habara et al. reported that levels of u-PCX in adults with various forms of active GN were significantly higher than those in patients with chronic GN in long-term remission (10) . However, few published studies report the correlation between u-PCX and the histologic findings of adults with IgAN. In this study, we found a positive correlation between levels of u-PCX and acute extracapillary abnormalities in adults with IgAN. Conversely, levels of urinary protein excretion did not correlate with acute glomerular abnormalities. Acute extracapillary abnormalities could be followed by detachment of podocytes and GBM denudation, the initial steps in the development of glomerulosclerosis (29) . It is possible that u-PCX reflects acute extracapillary abnormalities and is an index of ongoing podocyte injury leading to glomerulosclerosis.
Recently, IgAN patients with FSGS have been reported to have a relatively poor renal outcome than those without FSGS (30, 31) . Preventing the development of glomerulosclerosis as soon as possible is extremely important, particularly if the renal outcome can be improved by some treatments. Several studies have shown that corticosteroid treatment could decrease levels of urinary protein excretion and improve renal outcome in patients with IgAN (32-35). Shoji et al. reported that early corticosteroid treatment for active and proliferative IgAN in adults was effective in reducing renal injury (36) . Immunosuppressive treatment, including corticosteroids, is recommended for crescentic IgAN with active glomerular inflammation (35) . In future studies, we aim to clarify whether u-PCX is a useful biomarker to determine the effectiveness of corticosteroid treatment. We also need to perform a longitudinal study to examine such factors as changes in levels of u-PCX before and after corticosteroid treatment, as well as renal outcome.
Development of glomerulosclerosis in several human and experimental diseases is associated with podocyte loss (4, 5, 37, 38) . In this study, we showed that the number of urinary podocytes in IgAN patients with segmental sclerosis was significantly higher than that in patients without segmental sclerosis. Lemley et al. reported that the degree of podocyte loss was related to the extent of glomerulosclerosis in patients with IgAN (12) . These results suggest that the number of urinary podocytes indicates the existence of glomerulosclerosis in adults with IgAN.
The number of glomeruli obtained by renal biopsy was sometimes not enough to evaluate the severity of glomerular changes. However, because u-PCX and urinary podocytes mainly originated from all glomeruli in the kidney, the urinary biomarkers seem to reflect the histologic findings of all glomeruli. The urinary biomarkers might help us to speculate on the histologic findings with renal biopsy. In this cohort study, we found the relationship between urinary biomarkers and renal histologic findings in adults with IgAN. The biomarkers have a potential role as an adjunct to the diagnosis of renal histology in patients with IgAN.
The limitations of this study were the low sensitivity in the relationship between u-PCX and acute extracapillary abnormalities and in the relationship between number of urinary podocytes and segmental sclerosis. These results suggested that even if the levels of u-PCX or number of urinary podocytes were low or small, some patients had active glomerular abnormalities or segmental sclerosis, respectively. We had to consider the risk of underestimating the pathologic findings based on only the levels of u-PCX or number of urinary podocytes. Moreover, this study was performed only in Juntendo University Hospital, and the number of patients was small. Future studies should involve more samples. Unless otherwise noted, the data are given as median (interquartile range). IgAN, IgA nephropathy; u-PCX, urinary podocalyxin. a Good prognosis and relatively good prognosis groups. b Relatively poor prognosis and poor prognosis groups. Figure 5 . | Relationship between the Clinical Guidelines of IgAN in Japan and urinary biomarkers. Group A, good prognosis and relatively good prognosis groups; group B, relatively poor prognosis and poor prognosis groups. Some patients with relatively poor or poor prognosis had lower levels of urinary protein excretion and higher levels of urinary podocalyxin.
In conclusion, u-PCX is associated with the activity of IgAN in the acute phase, and urinary protein and urinary podocytes are also associated with the chronicity of IgAN.
